Structure-based drug discovery has emerged as a powerful tool in computational drug discovery and has gained rapid acceleration due to the development of better algorithms for high-end computation in an affordable time. Molecular docking and virtual screening methods are routinely used for the purpose but computing the ligand binding energies with inbuilt scoring functions accurately is still a limitation. Although, MMPBSA and MMGBSA are routinely employed tools for achieving accurate binding free energies, they are applied on well-equilibrated explicitly solvated systems and are computationally expensive and time-consuming. This study compares different post-processing protocols performed on an in-silico screened benchmarked P. falciparum Dihydrofolate reductase (PfDHFR) dataset with AutoDockVina. The docked and implicitly solvated complexes were subjected to (1) rescoring, (2) energy minimization and (3) Binding Estimation After Refinement (BEAR) algorithm. Subsequently, binding free energies were computed using three different tools-MMPBSA, MMGBSA and "g_mmpbsa". Surprisingly, rescoring alone displays lower accuracy than the inherent scoring function of the AutoDockVina. However, encouraging results were seen after post-processing with the other two protocols. The results suggest that MMPBSA applied on energy minimized conformations is able to achieve 42-fold reductions in computational time as opposed to the BEAR algorithm with comparable accuracy.
Introduction
Since past few decades virtual screening (VS) has gained importance in the field of computational drug discovery. This technique has accelerated the process of screening millions of compounds due to the availability of faster computers and new algorithms. VS involves estimating the binding poses using approximated scoring functions and binding energies corresponding to the generated conformations. Major limitations lie in reliable simulations of the flexibility of receptor and small-molecules and in calculating the binding energies close to experimental values. As a result, false-negative compounds are also scored as top hits and community is constantly working on enhancing the accuracy of predictions. Post-processing of the docked complexes is one technique that is employed for accurate docking orientations and filtering out false-negative hits from the docking ensembles as well as rank the top hits on the basis of calculated binding free energies. Various methods are available depending on the levels of accuracy and computational expenses like free energy perturbation (FEP) (Kollman 1993) , linear response (LR) (Lybrand et al. 1986 ), thermodynamics integration (TI) (Åqvist et al. 1994 ), molecular mechanics Poisson-Boltzmann surface area (MMPBSA), and molecular mechanics generalized born surface area (MMGBSA) (Kollman et al. 2000) . Among the available methods, MMPBSA and 1 3 504 Page 2 of 7 MMGBSA are widely used for predicting binding affinities of receptor-small-molecule complexes as they are faster than others (Rastelli et al. 2009 ). However, both these protocols work on well-converged systems of receptor-small-molecule complexes generated during explicit molecular dynamics (MD) simulations. The explicit equilibration is highly time-consuming and requires huge computation, especially when dealing with large number of compounds. This study addresses these limitations and proposes a post-docking protocol that is accurate as well as requires reduced computational resources. The protocol consists of rescoring of implicitly solvated docked and refined complexes and plotting the energies in the form of a metric "Enrichment curve". This curve evaluates the performance of the screening strategy by its capacity to enrich a small number of true binders in the top-rank from the larger number of non-binders (Huang et al. 2006) . P. falciparum, the main causative organism for malaria, is responsible for 1-3 million deaths every year. In addition due to emerging drug resistance strains, novel drug targets and the development of effective anti-malarials is urgently required (Sharma 2017; de Ruyck and Wouters 2008) . PfDHFR is one such well-documented drug target where structure-based drug discovery efforts are ongoing. Directory of Useful Decoys (DUD) is a benchmarking dataset, available at http://blast er.docki ng.org/dud/ (Huang et al. 2006) . In the present study, PfDHFR dataset developed by Huang et al. 2006 is employed for the testing of virtual screening and post-processing protocols which include 201 positives and 7145 negative controls. Along with 201 positive controls, WR99210, a known potent inhibitor of PfDHFR, was also included in the data under study (Yuvaniyama et al. 2003) . Virtual screening was performed using AutoDockVina (Trott and Olson 2010) and its docked poses were considered as one of the conformations for rescoring. Further, two other conformations were generated using-(1) implicit energy minimization for 2000 steps and (2) refinement using BEAR algorithm (Rastelli et al. 2009 ). On the above generated post-refined conformations, energy calculations were performed using MMPBSA/MMGBSA methods implemented in Amber16 (Case et al. 2017 ) and another Gromacs (Pronk et al. 2013 ) compatible tool g_mmpbsa (Kumari et al. 2014) . The benchmarking on PfDHFR dataset using AutoDock (Huey et al. 2007 ) and BEAR algorithm has already been reported and show excellent performance of BEAR as compared to virtual screening (Rastelli et al. 2009 ). The enrichment curve obtained in the present study displays further improvement in ranking of known ligands after docking with AutoDockVina and post-processing employing energy minimization alone. The work highlights that even the energy minimization of docked complexes is able to achieve accuracy comparable to BEAR protocol with outstanding 42-folds reduction in computational time as bonus.
Materials and methods

Database selection and virtual screening
In this study, PfDHFR dataset with known positive and negative controls available at DUD was taken for standardization of virtual screening and post-processing techniques. The B-chain of the crystal structure of PfDHFR (PDB-id 1J3I) complexed with NADPH was selected for virtual screening and had four missing residues (87-90) which were modeled using Modeller9v5 (Šali and Blundell 1993; Martí-Renom et al. 2000) . The model having least DOPE score was considered best and further validated using RAMPAGE (Lovell et al. 2003) and ProSA (Wiederstein et al. 2007 ). All the positive and negative control compounds were docked into modeled structure using AutoDockVina. A cubic box of 25*25*25 Å was centered on the binding site and AutoDockTools4 (Morris et al. 2009 ) were used to assign Gasteiger charges to all atoms with correct rotatable bonds of receptor as well as small-molecules. AutoDockVina generates multiple conformations and least energy conformation was selected for post-processing.
System preparation
The post-processing was performed by estimating the binding free energies using MM(PB/GB)SA methods available in AMBER package and g_mmpbsa tool which is compatible with Gromacs software. Before proceeding for binding free energy estimation, the molecular mechanics parameters for small-molecules were assigned with the antechamber module of Amber16 using generalized amber force field (gaff) (Wang et al. 2004 ) and AM1-BCC (Jakalian et al. 2002) charge methods. Parmchck was used to assign missing force field parameters and the receptor was parameterized using ff99SB forcefield of AMBER. The parameters for NADPH were taken from AMBER parameter database (http://resea rch.bmh.manch ester .ac.uk/bryce /amber /) using gaff force field and AM1-BCC charge method. Acpype.py (da Silva et al. 2012 ), a python script was used for automatic generation of topology and parameters from Amber to Gromacs compatible format.
Structure refinement
Apart from receptor-small-molecule docked conformations, two other sets of conformations were obtained with different strategies, namely (1) Implicit energy minimization for 2000 steps with distance-dependent dielectric and (2) Refinement using BEAR algorithm, which included minimization followed by short MD of small-molecules and further re-minimization of the complexes. Energy minimization of the complexes were performed using sander module of AMBER16 for 2000 steps with a distance-dependent dielectric constant Ɛ = 4r, and a cutoff of 12 Å. The refinement with BEAR algorithm includes 2000 steps of energy minimization of entire complexes followed by 100 ps of MD simulations in which only small molecules were allowed to move and receptor was restrained plus the re-minimization of the entire complexes for 2000 steps. The MD was performed at 300 K, with SHAKE (Ryckaert et al. 1977 ) turned on for bonds including hydrogen atoms and with time step of 2 fs. Finally, the single structure of each refined complexes generated using both the protocols was subjected to free energy estimation using MM(PB/GB)SA and g_mmpbsa tool.
The AutoDockVina energies and binding free energy values obtained post-processing were analyzed by plotting ligand enrichment curves. The ligand enrichment curves were generated in R language (Team RC 2014) using package "enrichvs" (Hiroaki 2015) . Last, visual analysis of potent inhibitor WR99210 post-docking and post-refinement was performed using Pymol (DeLano et al. 2002) to see the orientations as well as interactions with the crucial residues with reference to crystal structure conformation.
Results and discussions
The three-dimensional homology model of the complete PfDHFR (including the missing residues 87 DNVN 90 ) was built using the PDB-1J3I and is shown in Supplementary material (Supplementary Information Fig. 1a) . The model was validated for stereochemistry and energetic by Ramachandran plot, (Supplementary Information Fig. 1b ) with 93.4% residues in the favorable region, 6.1% in the allowed region and 0.4% in outlier region. Z-score focuses on the quality of the model and total energy of the structure. The calculated Z-score value for modeled structure is − 7.97 which is within the acceptable range (Supplementary Information Fig. 1c) . The ProSA analysis also showed that almost all the residues in the modeled PfDHFR structure had negative interaction energies hence energetically contributing to the stability of the structure (Supplementary Information  Fig. 1d ). The AutoDockVina energies for the ligands and decoys range from − 11.9 to − 6.3 and − 10.7 to − 5.0 Kcal/ mol, respectively. As these energies fail to discriminate between positive and negative controls, post-processing of the docked complexes is crucial.
This study has attempted to reduce the false conformations of small molecules generated during virtual screening by increasing the accuracy of binding free energy estimation. Two different protocols, namely energy minimization and three-tier BEAR refinement (MM/MD/MM) on AutoDockVina generated conformations were implemented for refinement. Three different methods, namely AMBER based MMPBSA (Fig. 1a) , MMGBSA (Fig. 1b) and g_mmpbsa (Fig. 1c) were employed for computing binding free energies (Fig. 1) . As observed in Fig. 1_a1 , binding free energies of AutoDockVina generated conformations of all the active ligands (red dots) and decoys (black dots) data points, processed with MMPBSA are overlapping with no clear demarcation between them. While post-processing of docked conformations employing energy minimization in Fig. 1_a2 and refinement using the BEAR algorithm in Fig. 1_a3 , could differentiate between active ligands and decoys. A similar trend was observed for conformations using MMGBSA (Fig. 1_b1 to b3) ; however, results from g_mmpbsa ( Fig. 1_c1 to c3 ) exhibited less separation of actives and decoys after minimization but satisfactory results were obtained using BEAR algorithm refinement. Further comparisons of different post-processing methods reiterate maximum accuracy of 99.6% and 97.6% after BEAR refinement and energy minimization using MMPBSA method of energy calculation. Figure 2 exhibits the ligand enrichment curves for the same data where Fig. 2a represents rescoring of the AutoDockVina generated conformations with all three methods yielding reduced accuracy indicating that the obtained binding poses may not be reliable for all compounds. Surprisingly, the ligand enrichment on single energy minimized complexes (Fig. 2b) with MMPBSA and MMG-BSA methods also exhibited excellent outcomes comparable to those of BEAR algorithm enrichment (Fig. 2c) . Virtual screening and binding energy estimation on refined complexes using AutoDockVina and BEAR algorithm resulted in improved enrichment compared to the previous study (Rastelli et al. 2009 ) and turns out to be an efficient tool for post-processing. Additionally, post-processing using energy minimization is far less time-consuming than the complete BEAR protocol resulting comparable enrichment. System preparation and BEAR algorithm refinement for randomly selected five ligands took 132 min which is 42-fold more time-consuming as compared to energy minimization which took 3.08 min. Of all the three methods for binding free energy estimation, MMPBSA and MMGBSA gave the best ligand enrichment with very less computation time of 2.6 and 0.44 min and can be further optimized by running longer simulations. On the other hand, "g_mmpbsa" took maximum time for Gromacs compatible system preparation and binding free energy estimation yielding satisfactorily ligand enrichment with BEAR implementation (Fig. 2c) and hence can be used as an open-source tool for post-processing. WR99210 is an antimalarial antifolate co-crystallized in the active-site of PfDHFR structure PDB-1J3I and its chemical sketch is shown in (Fig. 3a) . WR99210 is docked in the active cleft of the modeled PfDHFR structure with AutoDockVina and scored − 8.7 Kcal/mol of binding energy. The binding free energy values using MMPBSA and MMG-BSA post-minimization are − 5.61 and − 54.35 Kcal/mol, respectively, which are comparable to those obtained using BEAR refinement . The visual assessment of the orientation of the inhibitor WR99210 as co-crystal, post-docking and post-refinement is shown in Fig. 3b -e. In crystal structure, the carboxylate oxygen atoms of Asp54 are hydrogen-bonded to N3 and 4-amino nitrogen atoms (Yuvaniyama et al. 2003) . The docked conformation (C) fails to form bidentate hydrogen bonds with Asp54 where as minimized and refined complexes (D&E) very well established the interactions with the target active site residues such as Ile14, Cys15, Asp54 and Ile164. Table 1 depicts the important hydrogen bonds between WR99210 and receptor for different conformations and their respective distances (Å) . Hence, refinement turned out to be an essential step prior to binding free energy estimation. The post-minimized orientation of the inhibitor is identical to post-refined using BEAR algorithm, which proved minimization itself is sufficient to produce accurate results comparable to BEAR algorithm in 42-fold less time.
Conclusion
This study focuses on the performance of virtual screening on DUD dataset of PfDHFR using AutoDockVina followed by various post-processing approaches. The results conclusively demonstrate that post-docking optimization with energy minimization significantly reduces computational time and is comparable to BEAR refinement in accuracy, suggesting it can be successfully applied as a tool for postprocessing studies in in-silico drug discovery. "g_mmpbsa", implemented in Gromacs also gave satisfactory results and 
